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Objectives: Hypothyroidism is believed to result in irreversible neurological and cognitive impairments. The aim
of this study was to examine cognitive functions of male and female rat offspring exposed to 6-propyl-2-thiouracil
(PTU) following levothyroxine-therapy. Materials and Methods: Wistar rats were used for the experiment. To induce
chronic mild neonatal hypothyroidism in rat offspring, PTU (1.5, 3, and 6 ppm) was added to drinking water of the
rat offspring from postnatal day 1 to week 12. In the separated group, levothyroxine (50 mg/kg. SC) was injected in
the Hypo 6 ppm. Morris water maze (MWM) and novel object recognition (NOR) tests were performed at weeks 10
and 12 respectively. Results: In both male and female rats, there was an increase (P < 0.05) in neonatal hypothyroid
rats’ escape latency and traveled distance to find the hidden platform in MWM compared to those of control. Retrieval
memory was impaired in the MWM and the NOR tests. Levothyroxine-therapy resulted in a non-significant difference
in the traveled distance and latency delay and retrieval memory of the hypo 6 ppm group compared to controls (P
> 0.05). Conclusions: Cognitive impairments following neonatal mild hypothyroidism can disturb hippocampus-
dependent learning and memory in both male and female rats. Treatment with levothyroxine induces an improvement
in disorders of both male and female genders.

INTRODUCTION

lower or greater extent (Setian, 2007). Nevertheless, congenital

Hypothyroidism is an insufficiency for production
or activation of thyroid hormones (TH). Subsequent to Gull’s
premier in the description of hypothyroidism disease in 1874; the
term “myxedema” was coined for this syndrome and had been
the predominant term for several years. During the 1900s, it was
believed that many patients did not present the sign of disease.
Today, it is known that clinical conditions resulting from TH
deficiency mainly depend on intensity, timing, and duration of
the deficiency; in addition, they basically affect all tissues to a
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hypothyroidism induces more damaging consequences from
morphological, biochemical, anatomical and functional changes
in developing brain (Rastogi and LaFranchi, 2010; Afarinesh and
Behzadi, 2017; Afarinesh and Behzadi, 2018).

Thyroid hormones have an important role in normal
development and functions of hippocampus since it is a necessary
substrate for some forms of learning and memory. Congenital
and neonatal hypothyroidism can cause a wide range of effects
from different gene expression in the hippocampus (Esaki et al.,
2003; Lee et al., 2003; Dong et al., 2005; Navarro et al., 2015)
to cognitive disorders such decreased working memory (Akaike
et al., 1991), passive avoidance learning (Darbra et al., 2004),
spatial learning memory (Tong et al., 2007), and discrimination
behaviors (MacNabb ef al., 1999). On the other hand, long-term
potentiation (LTP) induction, as a functional integrity of synaptic
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communication in the CA1 area of hippocampus, was changed in
hypothyroid rats suggesting that a thyroid dysfunction is related
to learning deficits according to several studies (Gilbert, 2004;
Gilbert and Sui, 2006; Taskin et al., 2011).

Levothyroxine is the standard of care to treat thyroid
hormone deficiency including myxedema coma, thyroid tumors,
goiter as a generic medication. As a synthetic form of T4, this
endogenous hormone is secreted by the thyroid gland to convert
to its active metabolite, L-triiodothyronine (T3) (Jonklaas et al.,
2014). Previous studies suggest levothyroxine treatment in early
pregnancy recovers subclinical hypothyroidism and impaired
spatial learning in the offspring (Wang et al., 2012). However,
it has been shown that levothyroxine reversed hypothyroidism-
induced impairment of hippocampus-dependent cognition in
thyroidectomized adult rats (Fu ez al., 2014). It should be noted
that while many previous studies have shown that hypothyroidism
can cause cognitive impairment (Tong and Chen, 2007; van Wijk
et al., 2008; Taskin and Artis, 2011), long-term therapeutic effects
of levothyroxine on permanent neonatal mild hypothyroidism
has yet remained unresolved in both adult male and female
offspring. The present study investigates the effect of treatment
with levothyroxine on spatial learning and retrieval memory in
adult rat offspring exposed to PTU by using MWM test and Novel
object recognition (NOR) test.

MATERIALS AND METHODS

Animals

Wistar rats (250 + 25) were obtained from the Animal
House at Kerman Neuroscience Research Center in order to be
used in the present study. The animals were housed in the standard
12-hrs light/dark ad libitum free access to water and food. A
total number of 126 rats (including 42 pregnant mothers and
their 84 pups) were used as the population of the present study.
From each pregnant mother, only one male and one female pup
were randomly chosen to include two male and female groups of
the study. From the population of 84 pups, 56 rats (with equal
numbers for male and female) were born from 28 mothers and
were subjected to mild and permanent Hypothyroidism. The
mentioned sample included the experimental group of 21 female
and 21 male rats which were divided into three groups (n = 7) for
Propylthiouracil (PTU) at doses of 1.5, 3, and 6 ppm (PTU was
added to drinking water of the mentioned pups and their mothers
from PND 1 to week 12). Moreover, 14 pups (7 male/7 female)
born from 7 mothers were subjected in the control group (CTR)
which had no medical intervention.

For the study of levothyroxine therapy, the remaining
number of 28 pups left from the first total population of 84 rats
(14 male/14 female) was born from 14 pregnant mothers. The
first group included 14 pups (male and female) in which Hypo
6 ppm was induced (as mentioned above) and levothyroxine (50
mg/kg, SC Iran Hormone Co.) was injected for two weeks (10 to
12). In the normal group (including 14 pups), the only saline was
administrated (0.3 ml) in the respective volume injection.

For hypothyroidism confirmation, blood samplings were
obtained from the tail of the rats on the week 10 to free thyroxine
hormone (T4) determination. Samples were centrifuged at 3000
rpm for 15 min, and the plasma was stored in a microtube. T4

concentrations were determined using the T4 kit (DiaPlus Inc Co.,
Canada). All experimental procedures were done in accordance
with guidelines of Kerman University of Medical Sciences and
the Kerman Neuroscience Research Committee Ethics, EC/
KNRC/95-12.

Morris water maze (MWM)

Apparatus

The MWM test was used to evaluate spatial learning. The
MWM consisted of a black circular pool (diameter: 150 cm and
height: 60 cm), filled to a depth of 30 cm. The water temperature
was controlled automatically at 22 = 1°C. After dividing the
maze environment into four equal quadrants, a hidden circular
Plexiglas platform (10 cm in diameter) was located at the center
of the southwest quadrant. The platform was submerged 1.5 cm
beneath the surface of the water. Fixed extra-maze visual cues i.c.,
computer, MWM hardware, and posters were present at various
locations around the maze. Using a camera above the center of the
maze, the animal motion was recorded and saved in the computer.
Tracking system available by a commercial software (Noldus,
Netherlands; version:6 XT) was opted in order to measure the
distance moved, escape latency and swimming speed to find the
hidden platform (Saberi Moghadam et al., 2013; Sepehri et al.,
2014).

Behavioral procedure

1- Habituation: Each rat was placed individually on the
platform for 20 sec and swam in the pool environment for 180 sec
on the first day.

2- Training trial: In orientation training, rats were
released from four different positions of the maze and were allowed
to find the platform in three blocks. Each block contained 4 trials
and maximum duration of each trial was 90 sec with an inter-trial
interval of 60 seconds. If the rat failed to find the hidden platform,
they were placed on the platform for 10 sec (reinforcement). In
each trial, the rats were gently placed into the MWM at the middle
of'the circular edge in a randomly selected quadrant, and their nose
was pointed toward the wall. All the experiment was performed
routinely between 10:00 AM and 17:00 PM. The distance moved
(the pathway required for the rat to find the platform) and escape
latency (the time required for the rat to find the platform) was
recorded in each trial. The total average of the three blocks for two
mentioned parameters during the training phase was also recorded
by a video camera.

3- In the probe test, the platform was removed from
the pool and each rat was placed into the pool from the opposite
quadrant. This phase consisted of 60 sec free swim period without
a platform. The time spent in the trigger zone to find the hidden
platform and the swimming speed of the rats was also recorded
by a video camera (Saberi Moghadam and Sepehri, 2013; Sepehri
and Parsania, 2014).

Novel object recognition test

NOR test was performed within two days. On the first
day, each animal was placed in an opaque plastic chamber (60
x 60 x 60 cm) for 10 minutes. During the familiarization phase
(encoding) on the second day, two identically familiar objects
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were placed at a distance of 4 cm from the two walls in the box,
and the rat was allowed to explore the box for 5 minutes. After a
prescribed delay interval of 45 min, during test phase (retrieval),
a new object was replaced instead of one of the objects and
the rat was returned to the box; then the animal was allowed to
explore the objects for 5 minutes. All of the events were recorded
with a video camera that was set on the wall directly above the
chamber to offline analysis. The percentage of time that a rat spent
exploring the novel object during encoding was calculated as the
preference index. After each experiment, the box was cleaned with
70% alcohol (Chen et al., 2015).

Statistical analysis

SPSS software version (16.0) was used to analyze the
data and Prism software (version 6) was utilized for Graphical
figures painting. Repeated measures analysis of variance
(ANOVA) and one- or two-way ANOVA followed by Bonferroni
Post hoc tests were used to analyze the quantitative differences of
parameters. Data were expressed as mean + SEM. P-value < 0.05
was considered statistically significant.

RESULTS

Hypothyroidism confirmation

Two way ANOVA revealed the main significant effect
for the treatment (F, , = 15.59, P = 0.001), and interaction group
x gender (F, ,,=4.6, P=0.001) but not for gender (F, ,=3.6,P=
0.06). The Hypo 6 ppm group showed a decrease in the plasma T4
concentration in both male and female subjects (Fig. 1; P <0.001
and P < 0.01, respectively). In a levothyroxine-treated group,
compared to the control group, the plasma T4 concentration
showed no significant difference in both male and female rats. The
comparison between the levothyroxine-treated and the Hypo 6
group showed that the plasma T4 concentration increased in both
groups.
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Fig. 1: Plasma T4 concentration level. The effect of PTU-exposure (1.5, 3,
and 6 ppm) and levothyroxine therapy (Hypo 6 ppm + Levo) on the plasma
T4 concentration level of the neonatal hypothyroidism in male and female
offspring. Data are expressed as mean + SEM. P-values <0.05 was considered
statistically significant. **=P < 0.01, ***=P < 0.001 neonatal drug exposure
groups vs. Control group (CTR); =P < 0.05, and **=P < 0.001 Hypo 6 ppm +
Levo group vs. Hypo 6 ppm group.

MWM: the phase training

Two-way ANOVA of total distance moved by rats to
find the hidden platform in MWM showed a significant main
effect of PTU exposure (F, ., =9.8, P=0.000), and gender (F, ,,
=5.1,P=0.01) but no effects on treatment x gender interactions
(F = 0.5, P = 0.71) were recorded. Both male and female

4, 549

hypothyroid subjects in Hypo 3 and 6 ppm groups showed a
remarkable increase in their total distance moved to find the
hidden platform in MWM compared to their homolog groups (P
< 0.05; Fig. 2A). In both male and female rats, treatment with
levothyroxine made a significant decrease in the distance moved
to find the hidden platform compared to the Hypo 6 group. There
was no significant difference between the levothyroxine group
and the control group.
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Fig. 2: The effect of PTU-exposure (1.5, 3, and 6 ppm) and levothyroxine
therapy (Hypo 6 ppm + Levo) on the total distance moved (A) and total escape
latency (B) of the neonatal hypothyroidism rats to find the hidden platform
during the three blocks of training in the Morris Water Maze of male and female
offspring. Data are expressed as mean + SEM. P-values <0.05 was considered
statistically significant. *=P < 0.05, **=P < 0.01, ***=P < 0.001 neonatal drug
exposure groups vs. Control group (CTR); =P < 0.05, #=P < 0.01, and #*=P <
0.001 Hypo 6 ppm + Levo group vs. Hypo 6 ppm group.

Also, total escape latency of rats to find the hidden
platform in MWM showed a significant main effect for PTU
exposure (F, ;= 9.5, P = 0.000), and gender (F , =35 P
= 0.05) but the treatment X gender interactions failed to reach
a significant effect (F, ;. = 2.2, P = 0.06). Male Hypothyroid
subjects in Hypo 6 ppm group and also female hypothyroid
subjects in Hypo 3 and 6 ppm groups showed a significant
increase in their total escape latency to find the hidden platform
in MWM compared to their homolog CTR groups (P < 0.05;
Fig. 2B). Moreover, in both male and female rats, treatment with
levothyroxine affected on decreasing escape latency to find the
hidden platform compared to the Hypo 6 group. Considering this,
no significant difference was observed between levothyroxine
treated and control group.

Male: A repeated measurement of ANOVA showed
that the distance moved and escape latency of male rats to
find the hidden platform in MWM was significantly altered
during the three blocks of learning phase in all control and
hypothyroid groups [(F =69.7, P = 0.001) and (F =

2, 506 2, 508

46.4, P = 0.001), respectively]. Also, Interaction of Block x
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treatment revealed a significant effect for these factors [(F; ;¢
=3.9, P =0.001) and (F; ,, = 2.4, P = 0.015), respectively].
Bonferroni Post hoc test showed both the distance moved and
the escape latency to find the hidden platform in Hypo 3 and
6 ppm groups increased significantly in block III (P < 0.05),
as compared to the control (Figs. 3A, 3B). Treatment with
levothyroxine can significantly reduce the distance moved to
find the hidden platform compared to the Hypo 6 group in block
I; with regards to this, no meaningful difference between the
two groups of levothyroxine-treated and control was observed.
Moreover, treatment with levothyroxine significantly reduced
escape latency to find the hidden platform compared to Hypo 6
group in block III. The comparison of these parameters between
levothyroxine-treated and control group in blocks I, II and III
showed no meaningful statistical difference.
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Fig. 3: The effect of PTU-exposure (1.5, 3, and 6 ppm) and levothyroxine
therapy (Hypo 6 ppm + Levo) on the distance moved (A) and the escape latency
(B) of the male neonatal hypothyroid rats to find the hidden platform during
the three blocks of training in Morris Water Maze. Data are expressed as mean
+ SEM. P-values <0.05 was considered statistically significant. **=P < 0.01,
*#*=P < 0.001 neonatal drug exposure groups vs. Control group (CTR); =P <
0.05 and #=P < 0.01, Hypo 6 ppm + Levo group vs. Hypo 6 ppm group.

Female: A repeated measurement of ANOVA showed
that the distance moved and escape latency of female rats to find
the hidden platform in MWM was significantly changed during
the three blocks of learning phase in all control and hypothyroid
groups [(F, ,,, = 65, P =0.001) and (F, ,, = 44.8, P = 0.001),
respectively]. Also, Interaction of block x treatment was significant
for these factors [(F ,, = 1.03, P=0.015) and (F ,, = 1.03, P =
0.18), respectively]. Bonferroni Post hoc test showed that both the
distance moved and the escape latency to find the hidden platform
of Hypo 3 and 6 ppm increased significantly compared to the
control in block III (P < 0.01 and P < 0.001, respectively (Figs.
4A, 4B). Treatment with levothyroxine significantly reduced the
distance moved to find the hidden platform and escape latency

compared to Hypo 6 group in block III; regarding this, no
significant difference was observed between levothyroxine-treated
group and control group in block I, IT and III.
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Fig. 4: The effect of PTU-exposure (1.5, 3, and 6 ppm) and levothyroxine
therapy (Hypo 6 ppm + Levo) on the distance moved (A) and the escape latency
(B) of the female neonatal hypothyroid rats to find the hidden platform during
the three blocks of training in Morris Water Maze. Data are expressed as mean
+ SEM. P-values <0.05 was considered statistically significant. **=P < 0.01,
*#%=P < (.001 neonatal drug exposure groups vs. Control group (CTR); #*=P <
0.001, Hypo 6 ppm + Levo group vs. Hypo 6 ppm group.

MWM: the probe test

Two-way ANOVA of the time spent in trigger zone to
find the hidden platform in MWM revealed a significant main
effect for PTU exposure (F, ,, =4.9, P=0.002), but not for gender
(F, ,,, =0.46, P = 0.51), and treatment * gender interactions (F4’
2 = 0.28, P = 0.88). A significant decrease of the time spent in
trigger zone was observed in Hypo 6 ppm group compared to
control (P < 0.05; Fig. 5A) in the probe-testing day. In both male
and female rats, the percentage of time spent in the trigger zone
during probe testing was shown to have no significant difference
between levothyroxine-treated group compared to the control
group. Treatment with levothyroxine improves the time spent
in the trigger zone during probe testing compared to the Hypo 6
group.

Also, data of the swimming speed of rats to find the
hidden platform in MWM did not show a significant main effect

for PTU exposure (F, ,; = 3.6, P=0.07), gender (F,  =0.14,P=
0.71), and treatment x gender interactions (F4’ s = 1.39,P=0.24)
(Fig. 5B).
NOR test

Two-way ANOVA of the preference index to determine
new object NOR test revealed a significant main effect for PTU
exposure (F, ,;=23.8,P=0.001), but not for gender (F ,,,=0.01,P
=0.94) and treatment x gender interactions (F, ,,,=0.47,P=0.75).
A significant decrease of the preference index was observed in all
the hypothyroid groups (1.5, 3, and 6 ppm) compared to control in
both male and female subjects (P < 0.05; Fig. 6). In both male and
female rats, new object determination in the levothyroxine-treated
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group had no meaningful difference compared to those of control;
treatment with levothyroxine improves new object determination
compared to Hypo 6 group.
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Fig. 5: The effect of PTU-exposure (1.5, 3, and 6 ppm) on the time spent in the
trigger zone (A) and the swimming velocity (B) of male and female neonatal
hypothyroid rats in the probe test in Morris Water Maze. Data are expressed
as mean + SEM. P-values <0.05 was considered statistically significant. *=P <
0.05, neonatal drug exposure groups vs. Control group (CTR); #=P < 0.01, Hypo
6 ppm + Levo group vs. Hypo 6 ppm group.
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Fig. 6: The effect of PTU-exposure (1.5, 3, and 6 ppm) and levothyroxine therapy
(Hypo 6 ppm + Levo) on the percentage of preference index of male and female
neonatal hypothyroid rats in the novel object recognition test. Data are expressed
as mean + SEM. P-values <0.05 was considered statistically significant. *=P <
0.05, neonatal drug exposure groups vs. Control group (CTR); =P < 0.05, Hypo
6 ppm + Levo group vs. Hypo 6 ppm group.

In parallel to previous studies (Sui and Gilbert, 2003),
our study confirmed that plasma T4 concentration level in the rat
offspring treated with PTU (6 ppm) was significantly lower than in
the corresponding control groups. Treatment with levothyroxine
can increase the T4 concentration level in blood serum of male
and female hypothyroid rats.

The main finding of the present study showed that mild
chronic neonatal hypothyroidism impairs spatial and non-spatial
learning and retrieval memory of rats; moreover, treatment with
levothyroxine improves impairment in the cognitive function of
spatial memory and learning as well as new object determination.
Mild, permanent, and neonatal hypothyroidism can impair spatial
learning because the distance moved is decreased and the escape
latency is increased to find the hidden platform in the MWM on
the training phase in both the male and female rats. In the block
I, there is no significant difference for PTU exposed animals’
performance compared to those of controls, this suggests that
the impaired learning is not caused by non-specific effects such
as disrupted motor performance. Our results are consistent with
other previous studies which show that congenital hypothyroidism
impairs spatial learning and memory related to hippocampus
integrity (Akaike and Kato, 1991; Tong and Chen, 2007; Hosseini
et al., 2010; Shafiee et al., 2017). However, male and female
neonatal hypothyroid groups of the present study are similar to
congenital hypothyroid rats (Shafiee and Vafaei, 2017) which
exhibit an identical pattern learning similar to the control group,
suggesting that spatial learning is not impaired in neonatal and
congenital hypothyroid rats completely. Moreover, it has been
reported that chronic exposure to iodide-poor diet for more than
two months affects spatial memory in a negative manner, but in
perinatal hypothyroidism, spatial memory is impaired in female
rats only (van Wijk and Rijntjes, 2008).

Moreover, our results demonstrate that retrieval memory
of neonatal hypothyroid rats can be impaired in MWM as there
is a decrease of the time spent in trigger zone to find the hidden
platform in probe test as well as the NOR test; additionally, a
decreased percentage of preference index is evidenced in both
male and female subjects. These tests are the standard test of
cognition in spatial and non-spatial memory in the rodents which
depend on the integration of the rodent hippocampus to spatial and
object memory (Barzegar et al., 2015; Cohen and Stackman, 2015;
Xing et al., 2016). The present study is in contrast to recent studies
claiming that thyroid peroxidase inhibitor methimazole-exposure
of pregnant rat from gestational day 9 up to delivery, increases
the pups’ novelty-directed exploratory behaviors at PND 35-40
(Melancia et al., 2017). It shall be noted that different types of
hypothyroidism induction and age of subject may exert different
effects on various forms of learning and memory. As mentioned
above, the MWM and NOR tasks rely on the hippocampus
functions (van Wijk and Rijntjes, 2008; Cohen and Stackman,
2015). Hypothyroidism can reduce the volume of the hippocampus
(Hasegawa et al., 2010); it additionally decreases the density of
neurons in all pyramidal cell layer of the hippocampus (Cattani et
al., 2013), and also synaptic plasticity in the hippocampus (Taskin
and Artis, 2011). Hypothyroidism can lead to alterations in
proteins such as brain-derived neurotrophic factor protein (Shafiee
and Vafaei, 2017), calcium and glutamate uptake and transporters
(Dong and Yin, 2005), inasmuch as glutamate homeostasis (Cattani
and Goulart, 2013), ERK activation (Sui et al., 2005), and also a
decrease in C-fos and C-jun expression (Dong and Yin, 2005) in
the hippocampus. Therefore, behavioral deficits described in male
and female neonatal hypothyroid rats of the present study can be a
result of impairment in their hippocampus functions.

However, the velocity parameter is evaluated in the
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probe test to show that an improved or impaired learning is not
influenced by motor activities in the MWM test. In contrast with
our finding, a study in which permanent hypothyroid and neonatal
hypothyroid was induced through the use of a diet without iodine,
documents that motor activities of rats in open field test would
damage (van Wijk and Rijntjes, 2008). In contrast, temporary
hypothyroidism in the neonatal period coursed hyperactivity in
rats (Akaike and Kato, 1991).

Thyroid hormones are a necessity for normal function
of the hippocampus. It has been shown that treatment with
levothyroxine significantly affects spatial memory and learning
in normal and hypothyroid rats. Using their genomic and non-
genomic receptors, thyroid hormones can regulate biological
cell activities by gene transcription. It is also illustrated that
thyroxine regulates hundreds of genes, e.g. those related to central
nervous system memory. Consumption of L-T4 significantly
increases the level of proteins related to memory, such as choline
acetyltransferase, superoxide dismutase, nerve growth factor,
and Glutathione peroxidase in the hippocampus (Smith et al.,
2002; Fu and Zhou, 2014). With regards to the facts that the
processes of memory stabilization and restoring need synthesis of
de novo protein and thyroid hormones adjust gene transcription
related to memory, it is believed that levothyroxine injection to
hypothyroid rats can increase protein synthesis related to memory
and learning which results in a progress in memory and learning.
Yet, the relevant molecular mechanisms on memory and learning
improvement which happen as a result of levothyroxine therapy in
hypothyroid rats are not distinct and therefore it proposes future
studies.

CONCLUSION

In conclusion, we demonstrated that the permanent
administration of mild PTU to rats from PND 1 to adult period
disturbs spatial and non-spatial learning and memory in the
MWM and the NOR tests. No gender-dependent effects were
found in learning and memory performance, suggesting a similar
impairment in cognitive functions in both genders following
neonatal thyroid hormone deficiency. According to our findings,
treatment with levothyroxine can increase the density of thyroxin
in hypothyroid male and female rats to the control level. This
change in the level of thyroid hormones can cause impairment in
cognitive functions of spatial memory and learning as well as the
ability to distinguish a new object.
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